Abstract-We reported previously that ATP2B1 was one of the genes for hypertension receptivity in a large-scale Japanese population, which has been replicated recently in Europeans and Koreans. ATP2B1 encodes the plasma membrane calcium ATPase isoform 1, which plays a critical role in intracellular calcium homeostasis. In addition, it is suggested that ATP2B1 plays a major role in vascular smooth muscle contraction. Because the ATP2B1 knockout (KO) mouse is embryo-lethal, we generated mice with vascular smooth muscle cell-specific KO of ATP2B1 using the Cre-loxP system to clarify the relationship between ATP2B1 and hypertension. The KO mice expressed significantly lower levels of ATP2B1 mRNA and protein in the aorta compared with control mice. KO mice showed significantly higher systolic blood pressure as measured by tail-cuff method and radiotelemetric method. Similar to ATP2B1, the expression of the Na ϩ -Ca 2ϩ exchanger isoform 1 mRNA was decreased in vascular smooth muscle cells of KO mice. However, ATP2B4 expression was increased in KO mice. The cultured vascular smooth muscle cells of KO mice showed increased intracellular calcium concentration not only in basal condition but also in phenylephrine-stimulated condition. Furthermore, phenylephrineinduced vasoconstriction was significantly increased in vascular rings of the femoral artery of KO mice. These results suggest that ATP2B1 plays important roles in the regulation of blood pressure through alteration of calcium handling and vasoconstriction in vascular smooth muscle cells. (Hypertension. 2012;59:00-00.) • Online Data Supplement Key Words: hypertension Ⅲ ATP2B1 Ⅲ Cre-loxP system Ⅲ blood pressure Ⅲ Millennium Genome Project Ⅲ Global Blood Pressure Genetics N umerous studies have attempted to identify genetic markers for hypertension over the past 2 decades, but no cross-validated loci in different ethnic groups have thus far been identified except for the mendelian forms of hypertension.
N umerous studies have attempted to identify genetic markers for hypertension over the past 2 decades, but no cross-validated loci in different ethnic groups have thus far been identified except for the mendelian forms of hypertension. 1 In the Millennium Genome Project 2 we identified single nucleotide polymorphisms located upstream or within the ATP2B1 gene as strong susceptible polymorphisms for hypertension in Japanese. Some of these findings have been replicated in individuals of European descent in the Global Blood Pressure Genetics sample and have also been validated in other studies in individuals of European descent, 3 Koreans, [4] [5] [6] and Japanese. 7 The single nucleotide polymorphisms of ATP2B1 identified in these studies showed a significant association with hypertension in various large-scale study populations with different methods, genome-wide association study in the Cohorts for Heart and Aging Research in Genomic Epidemiology Consortium and the Korean study and candidate gene analysis in our previous study. However, the functional roles of ATP2B1 in blood pressure control have not yet been proven in vivo. The ATP2B1-null mutant mouse has been reported to be embryolethal 8 ; thus, we need to make a conditional knockout (KO) mouse model of ATP2B1 using the Cre-loxP system to reveal the function of the gene. Because the ATP2B1 gene encodes one of the calcium pumps and plays an important role in contraction of bladder smooth muscle, 9 we selected vascular smooth muscle cells (VSMCs) as target tissue of KO. Because we have already demonstrated that ATP2B1 mRNA expression in human umbilical artery smooth muscle cells was significantly lower in those having the risk allele for hypertension than in those with no risk allele, 10 we hypothesized that VSMC ATP2B1 KO mice would exhibit high blood pressure. In the present study, we made the VSMC-specific ATP2B1 KO mice and evaluated their blood pressure and related mechanisms.
Materials and Methods

Animal Care
Animals were housed under a 12-hour light-dark cycle at a temperature of 25°C. Tap water was provided ad libitum. Experiments were conducted under the guidelines for animal experiments set by the animal experiment committee of Yokohama City University School of Medicine.
Creation of VSMC-Targeted ATP2B1 KO Mice
ATP2B1
loxP/loxP mice were generated using the Cre-loxP and flippase recombination enzyme-flippase recognition target (FLP-FRT) recombination system. ATP2B1 is encoded by 21 exons on chromosome 10, and mice systemically deficient in exon 10 are reported to be embryolethal. 8 We, therefore, designed a vector to KO exon 10 of the ATP2B1 gene. The detailed technical strategy for conditional KO mouse generation is described in the Methods section of the online-only Data Supplement. To target inactivation of the ATP2B1 gene to VSMCs, ATP2B1 loxP/loxP mice were intercrossed with SM22-Cre transgenic mice (see details in the onlineonly Data Supplement) expressing Cre recombinase under control of the mouse transgelin (smooth muscle protein 22-␣) promoter. The resulting ATP2B1
loxP/-/SM22-Cre animals were further mated with ATP2B1 loxP/loxP mice to generate ATP2B1 loxP/loxP /SM22-Cre (VSMC ATP2B1 KO) mice and ATP2B1 loxP/loxP mice without SM22-Cre (control mice). Animals used for experiments were backcrossed Ն6 times.
BP Measurement by Tail-Cuff Method and Radiotelemetric Method
Systolic blood pressure was measured by the tail-cuff method (BP-monitor MK-2000; Muromachi Kikai Co) at the age of 8 weeks and 22 weeks, as described previously. 11, 12 Furthermore, direct blood pressure measurement was performed by a radiotelemetric method in which a blood pressure transducer (PA-C10, Data Sciences International) was inserted into the left carotid artery. Ten days after transplantation, each mouse was housed individually in a standard cage on a receiver under a 12-hour light-dark cycle. Direct blood pressure was recorded every minute by radiotelemetry, as described previously. 
Real-Time Quantitative RT-PCR Analysis
Total RNA was extracted from the aorta or cultured VSMCs with ISOGEN (Nippon Gene), and cDNA was synthesized using the SuperScript III First Strand System (Invitrogen). Real-time quantitative RT-PCR was performed by incubating the reversetranscription product with TaqMan PCR Master Mix and a designed TaqMan probe (Applied Biosystems). 12 RNA quantities were expressed relative to the 18S mRNA control.
Western Blot Analysis of ATP2B1
Western blot analysis was performed as described previously.
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Further details of the Western blot analysis are described in the online-only Data Supplement.
Cell Culture of Mouse VSMCs and Measurement of Intracellular Calcium Concentration
VSMCs were aseptically isolated from thoracic aortic explants of an 8-week-old ATP2B1 KO mouse and its wild-type littermate, as described previously.
14 Further details of the cell culture of mouse VSMCs are described in the online-only Data Supplement. Measurement of basal condition and phenylephrine-stimulated changes in intracellular calcium concentration were assessed by Fura-2 fluorescence ratio imaging using a microscopic digital imaging system (IX71, Olympus), as described previously. 15 Briefly, ATP2B1 KO or control VSMCs grown on 25-mm coverslips were loaded with the calcium-specific dye Fura-2-acetoxymethyl ester (2.5 mol/L, Invitrogen) and 0.01% Pluronic acid (Invitrogen) for 30 minutes at 37°C. After washing with the Hank balanced salt solution, cells were incubated for 20 minutes at 37°C in the Hank balanced salt solution to allow complete hydrolysis of Fura-2-acetoxymethyl ester to Fura-2. Emissions fluorescence was measured with a CCD camera (U-PMTV1X, Olympus) at a wavelength of 510 nm. Real-time shifts in Fura-2 ratio fluorescence (ratio of emissions: F340:F380), indicating changes in intracellular calcium concentration, were recorded before, during, and after stimulating VSMCs with 10 Ϫ6 M phenylephrine (Sigma Aldrich), and we used calcium ionophore A23187 (Calbiochem) as positive control for the accuracy of the intracellular calcium concentrations. Summary data represent the average difference in basal condition and the peak increase in phenylephrineinduced intracellular calcium concentration.
Isometric Tension of Vascular Rings of Femoral Artery
We measured isometric tension of femoral artery vascular rings from KO mice and control mice, as described previously. 16 Phenylephrine and potassium-enriched solution were added to stimulate vasoconstriction. Further details of the vasoconstriction assay are described in the online-only Data Supplement.
Statistical Analysis
For statistical analysis of differences between groups, MannWhitney U test or ANOVA followed by Bonferroni method was used. All of the quantitative data are expressed as meanϮSE. Values of PϽ0.05 were considered statistically significant.
Results
High Efficiency, VSMC-Selective Deletion of ATP2B1 Gene Figure 1A shows the Southern blot analysis of tail DNA obtained from VSMCs. ATP2B1 KO mice demonstrated a deletion event occurring in VSMCs within the vascular bed of the tail. Quantitative RT-PCR analysis demonstrated that expression of ATP2B1 mRNA in isolated aorta of VSMC ATP2B1 KO mice was reduced by 80% to 90% compared with that in control mice ( Figure 1B) . Similarly, Western blot analysis showed that ATP2B1 protein in isolated aorta of VSMC ATP2B1 KO mice was reduced by 80% compared with that in control mice ( Figure 1C and 1D ).
VSMC ATP2B1 KO and Control Mice Were Both Born at Expected Mendelian Ratio
As shown in Figure 1E , both VSMC ATP2B1 KO mice and control mice, male and female, were born at the expected mendelian ratio and could not be distinguished from one another at birth. alteration of body weight between VSMC ATP2B1 KO mice and control mice.
VSMC ATP2B1 KO Mice Showed Higher Blood Pressure Than Control Mice Under Resting Conditions
To ascertain whether deletion of ATP2B1 in VSMCs affects blood pressure, conscious VSMC ATP2B1 KO mice and control mice were subjected to blood pressure measurements by the tail-cuff method. All of the experiments were carried out in a blinded manner on male mice eating standard rodent chow (0.3% NaCl). Under resting conditions, VSMC ATP2B1 KO mice displayed higher systolic blood pressure than that of control mice at 8 and 22 weeks of age ( Figure  2A ). Heart rate did not differ significantly between the groups (data not shown).
VSMC ATP2B1 KO Mice Showed Higher Blood Pressure Assessed by 24-Hour Radiotelemetric System Than Control Mice
To confirm the effects of deletion of VSMC ATP2B1 on blood pressure and to analyze the circadian pattern of blood pressure, conscious VSMC ATP2B1 KO mice and control mice were subjected to blood pressure measurements by radiotelemetry. KO mice showed higher blood pressure than control mice at 14 weeks of age throughout the day (systolic blood pressure, Figure 2B ; diastolic blood pressure, Figure  S9A ; mean blood pressure, Figure S9B ), whereas circadian variations in heart rate did not differ significantly between the groups ( Figure 2C ).
Expressions of Calcium-Regulatory Genes in Cultured VSMCs of ATP2B1 Mice
The same as for the in vivo results, expression of both ATP2B1 (0.07-fold PϽ0.0001; Figure 3A ) and Na ϩ -Ca 2ϩ exchanger isoform 1 (NCX1) (0.3-fold PϽ0.0001; Figure  3B ) mRNAs were decreased in cultured VSMCs of ATP2B1 KO mice aorta compared with those in the control mouse aorta. On the contrary, the expression of ATP2B4 mRNA was upregulated (1.9-fold PϽ0.0001; Figure 3C ) in KO VSMCs.
Increased Intracellular Calcium Concentrations in VSMCs of ATP2B1 KO Mice
To investigate whether intracellular calcium concentration in VSMCs was altered through KO of the ATP2B1 gene, we used the Fura-2-acetoxymethyl ester fluorescence assay. As shown in Figure 3D , the intracellular calcium was higher in VSMCs of ATP2B1 KO mice (F340/F380 ratio of KO VSMCs: 0.631Ϯ0.029; F340/F380 ratio of control VSMCs: 0.505Ϯ0.022; PϽ0.05) at baseline condition. Furthermore, phenylephrine-induced peak increase in intracellular calcium concentration was also augmented in KO VSMCs than in Figure 1 . High efficiency, vascular smooth muscle cell (VSMC)-selective deletion of ATP2B1 gene. A, Tail DNA was prepared by standard methods, and the ATP2B1 gene was amplified by PCR using the forward primer 5=-CATCCTCTTTAGTTATTAAGGAAGCAGT-3= (located in the intron before the first loxP site) and reverse primer 5=-GCCTTTTACAGCATGAACATAGCGA-3= (located in the intron after the second loxP site). The presence of wild-type ATP2B1 (W), floxed ATP2B1 (F), and recombined ATP2B1 (X) was determined using the forward primer and reverse primer, generating products of 1282 bp for W, 1442 bp for F, and 399 bp for X. B, ATP2B1 mRNA expression in aorta of 8-week-old mice (nϭ6 for each genotype) as quantified by quantitative RT-PCR using exon 10 and 11 amplification. Data are presented as mean and SE from 6 independent experiments (PϽ0.0001). C and D, ATP2B1 protein expression in aorta of VSMC ATP2B1 knockout (KO) mice and control mice estimated by immunoblot analysis (nϭ5 for each genotype). One representative of 5 independent experiments is shown. Data are presented as mean and SE. E, Birth rate of mating, which is expected to have the same ratio of births. The data were collected from 632 mice born by the mating of VSMC ATP2B1 KO mice and control mice. F, Growth curve of VSMC ATP2B1 KO mice and control mice. The data were all collected from male mice. Weights for each genotype represent mean and SE (nϭ12-24 for each genotype; C indicates control mice; K, VSMC ATP2B1 KO mice). The data collected show that there was no difference in body weight alterations.
control VSMCs (F340/F380 ratio of KO VSMCs: 1.187Ϯ0.068; F340/F380 ratio of control VSMCs: 0.805Ϯ0.034; PϽ0.001).
Vasoconstriction Was Accelerated by Phenylephrine Loading in Femoral Artery of KO Mice
We examined the vasoconstrictor response of femoral artery rings to phenylephrine. As summarized in Figure 4 , femoral artery rings of KO mice were hyperreactive to the maximum concentration of phenylephrine (10 Ϫ5 M) compared with those of control mice (KO: 84.1% KCl contraction; control: 54.4% KCl contraction; PϽ0.05; nϭ10).
Discussion
Implication of ATP2B1 in Blood Pressure Control and Function of ATP2B1 in VSMCs
This study showed that blood pressure was significantly higher in mice lacking ATP2B1 in VSMCs than that in wild mice. These results confirm the importance of the ATP2B1 gene in regulation of blood pressure. The ATP2B1 gene is one of the genes that we reported in 2008 as a gene for hypertension receptivity in a large-scale Japanese population, which has been confirmed recently in individuals of European descent, Koreans, and other Japanese. We first paid attention to the gene and made a strategy for creating a conditional KO model of the gene to confirm the relation between ATP2B1 and hypertension. VSMC ATP2B1 KO mice showed no significant change in birth rate and growth, although their expressions of ATP2B1 in the aorta and primary cultured VSMCs were markedly reduced, and they showed significantly higher blood pressure. We confirmed that the elevation of blood pressure in ATP2B1 KO mice was certain, with no relation to age and light-dark cycle. Furthermore, alteration in calcium homeostasis in VSMCs and increased vasoconstriction of femoral artery were observed in ATP2B1 KO mice. Recently, we showed that single nucleotide polymorphisms in the ATP2B1 gene cause phenotypic changes in human tissue. 10 ATP2B1 mRNA expression in human umbilical artery smooth muscle cells was significantly lower in those with a risk allele for hypertension than in those having no risk allele. The finding using human artery was consistent with those seen in mice lacking ATP2B1 in VSMCs. These findings support that KO of ATP2B1 in VSMCs caused blood pressure elevation.
The ATP2B1 gene encodes plasma membrane calcium ATPase isoform 1 (so-called PMCA1), which removes bivalent calcium ions from eukaryotic cells against very large concentration gradients and plays a critical role in intracellular calcium homeostasis. In mammals, calcium ATPase isoforms are encoded by Ն4 separate genes (ATP2B1 to B4), 17 and organ-specific mRNA expression of the isoforms has been reported. Using bladder smooth muscle cells, contractility measurements have documented the important role of ATP2B1 in the extrusion of Ca 2ϩ after carbachol stimulation or depolarization with potassium chloride. 9 Although bladder smooth muscle expresses both ATP2B4 and ATP2B1, ATP2B1 inhibition caused 3-time increments in intracellular calcium concentration and contraction of bladder smooth muscle compared with ATP2B4 blockade. Thus, ATP2B1 rather than ATP2B4 may have an important role in calcium handling and regulation in contraction of smooth muscle cells. In vascular smooth muscle, ATP2B1 and ATP2B4 have been also shown to be expressed. 18 However, there were few reports evaluating the role of ATP2B1 in VSMCs. Thus, we decided to knock out the ATP2B1 gene of VSMCs to clarify the function of the ATP2B1 gene in hypertension theoretically in humans. In fact, VSMC-specific KO of ATP2B1 showed an elevation in blood pressure associated with a rise in intracellular calcium and a decrease in NCX1 mRNA expression. Moreover, the vascular contractile response was increased in KO mice. These results suggest that ATP2B1 has important roles in calcium handling and contraction in VSMCs.
Important Relationship Between ATP2B1 and Other Calcium-Related Genes
NCX1, a calcium pump similar to ATP2B1, is known to play an important role in hypertension through its effect on VSMCs. 19, 20 Interestingly, a recent report revealed that calcium clearance proteins, such as plasma membrane Ca 2ϩ -ATPase (PMCA), sarcoplasmic reticulum Ca 2ϩ ATPase, and NCX1, showed coordinated expression. 21 Furthermore, PMCA and NCX1 showed similar changes in expression in human arterial myocytes. 22 These recent findings suggest that ATP2B1 and NCX1 have a strong relationship and are modulated by the same system. Moreover, NCX1 and PMCA showed colocalization in the basolateral membrane of mouse distal convoluted cells in several studies. 23, 24 Furthermore, several proteins associate with NCX1 and PMCA with an alteration in their activity. 25 On the contrary, ATP2B4 was upregulated in KO VSMCs. This upregulation of ATP2B4 seems to compensate for the decrease in expression of ATP2B1. These findings suggest that decreased expression of ATP2B1 and NCX1 is one of the possible mechanisms of increase in intracellular calcium concentration.
Possibility of Alteration in Intracellular Calcium Homeostasis
In a recent study, a novel PMCA1 selective inhibitor, caloxin1b3, raised cytosolic calcium concentration in endothelial cells. 26 This finding supports the results that KO of ATP2B1 in VSMCs causes significant alterations in calcium-related gene expression and in intracellular calcium concentration. In the present study, KO VSMCs showed higher intracellular calcium concentration compared with the control, and a higher response was observed in response to the stimulation of phenylephrine compared with that of control VSMCs. Because increased intracellular calcium concentration may lead to blood pressure elevation via vasoconstriction, 27 the increased calcium concentrations seen in ATP2B1 KO VSMCs may be one of the possible mechanisms of high blood pressure seen in AP2B1 KO mice.
Increased Vasoconstriction Is One of the Possible Mechanisms for Blood Pressure Elevation
In the present study, we confirmed an increased contractile response to phenylephrine in femoral artery rings of KO mice. Because phenylephrine activates inositol 1,4,5-triphosphate-induced intracellular calcium release and also stimulates voltage-independent calcium-permeable channels, 28 the alteration in contractile response may be attributed to alteration in intracellular calcium homeostasis. As shown in the present study, increased intracellular calcium concentration would augment the contractile capacity, which might increase the blood pressure in ATP2B1 KO mice. These findings strongly support the hypothesis that ATP2B1 gene is associated with blood pressure control in vivo.
Conclusion
We revealed that ATP2B1 KO in VSMCs increases the blood pressure in vivo study. Lack of ATP2B1 in VSMCs also increased intracellular calcium concentration and augmented the vascular contractility in ex vivo study. Our results clearly demonstrated that ATP2B1 gene expression in VSMCs is important in blood pressure regulation. Because the ATP2B1 gene has been reported to be a hypertension-susceptible gene by our systemic multiple candidate gene analyses, the present data suggest not only the importance of the ATP2B1 gene as a hypertension-related gene but also the value of the systemic multiple candidate gene approach and genome-wide association study in finding disease-related genes.
Perspectives
We made mice with conditional KO of ATP2B1 in VSMCs. However, the role of ATP2B1 in cells other than VSMCs in blood pressure control is not known. Thus, we need to further investigate the role of the ATP2B1 gene using other types of Cre mice and should make new organ-specific KO mice to analyze the role of the ATP2B1 gene in other conditions.
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